Substance abuse is serious public health problem for which there are few effective pharmacotherapies. Traditional strategies for drug development have focused on antagonists to block the abuse-related effects of a drug at its site of action, and agonists to replace/mimic the effects of the abused substance. However, recent efforts have targeted receptors, such as serotonin (5-HT) 2 receptors, that can indirectly modulate dopamine neurotransmission with the goal of developing a pharmacotherapy that might be effective at reducing the abuse-related effects of drugs more generally. Lorcaserin is a 5-HT 2C receptor-preferring agonist that is approved by the US Food and Drug Administration for the treatment of obesity. Mounting evidence from preclinical and clinical studies suggests that lorcaserin might also be effective at reducing the abuse-related effects of drugs with different pharmacological mechanisms (e.g., cocaine, heroin, ethanol, and nicotine). Lorcaserin represents a promising and important first step towards the development a new class of pharmacotherapies that have the potential to dramatically improve the treatment of substance abuse. This article will review the behavioral pharmacology of 5-HT 2C receptor-preferring agonists, with a focus on lorcaserin, and evaluate the preclinical evidence supporting the development of lorcaserin for treating substance abuse.
Introduction
The recreational use/abuse of drugs remains a significant public health problem, with worldwide estimates suggesting that 1 out of every 20 adults, or a quarter of a billion people, abused at least one drug (e.g., cocaine) in 2014 (United Nations Office on Drugs and Crime, 2016) . Although the US Food and Drug Administration (FDA) has approved drugs to treat substance use disorders (e.g., methadone or naltrexone for opioid abuse, and bupropion or varenicline for cigarette smoking), there are currently no FDA-approved pharmacotherapies for the abuse of stimulants, such as cocaine or methamphetamine. Drugs of this class interact with dopamine (DAT), serotonin (SERT), and norepinephrine (NET) transporters where they either inhibit monoamine uptake (e.g., cocaine) or stimulate monoamine release (e.g., methamphetamine); however, their abuserelated effects are mediated predominantly by their capacity to increase dopamine neurotransmission, particularly within the nucleus accumbens (Ritz et al., 1987) . Because of this central role of dopamine, drugs targeting dopamine systems have received considerable attention as candidate medications for cocaine abuse and generally fall into one of three general categories: 1) direct-and indirect-acting dopamine receptor agonists, which aim to provide a replacement drug for cocaine (e.g., Grabowski et al., 2004; Negus and Henningfield, 2015) ; 2) cocaine "antagonists", which aim to block/ reduce the actions of cocaine at DAT (e.g., Rothman et al., 2008; Tanda et al., 2009) ; and 3) modulators of cocaine, which aim to alter the effects of cocaine through actions at sites other than DAT (e.g., Dackis and O'Brien, 2003; Mello, 1990; Newman et al., 2005; Roberts and Brebner, 2000) . It is well established that serotonin (5-HT) systems modulate dopamine activity, and this review focuses on the effectiveness of lorcaserin, a 5-HT 2C receptor-preferring agonist, to reduce the abuse-related effects of cocaine, and other drugs of abuse.
Although drugs acting on a variety of neurotransmitter systems (e.g., gamma-aminobutyric acid [GABA] , glutamate, and opioid) have been evaluated for their capacity to modulate both dopamine transmission and cocaine self-administration, to date there are no effective medications for stimulant abuse. Mounting evidence suggests that drugs acting on 5-HT systems could provide a safe and effective approach for treating stimulant abuse. In particular, because 5-HT 2 receptors play important roles in modulating dopamine neurotransmission (for review see Howell and Cunningham, 2015) , a number of 5-HT 2A receptor antagonists and 5-HT 2C receptor agonists have been evaluated for their capacity to decrease stimulant self-administration and/or prevent the reinstatement of responding by drug-associated stimuli and/or priming injections of the drug itself (e.g., Grottick et al., 2000; Fletcher et al., 2002 Fletcher et al., , 2004 Nic Dhonnchadha et al., 2009; Murnane et al., 2013) . Importantly, in 2012 the US FDA approved lorcaserin, a 5-HT 2C receptor-preferring agonist, for the treatment of obesity in adults. Subsequently, lorcaserin has shown positive effects in 11 preclinical studies evaluating its capacity to decrease the self-administration of nicotine (Levin et al., 2011; Higgins et al., 2012; Cousins et al., 2014; Zeeb et al., 2015; Briggs et al., 2016) , ethanol (Rezvani et al., 2014) , opioids (Neelakantan et al., 2017) , or stimulants such as cocaine and methamphetamine (Harvey-Lewis et al., 2016; Collins et al., 2016; Gerak et al., 2016) , although Banks and Negus (2017) report that lorcaserin did not alter the allocation of responding in a cocaine versus food choice paradigm. It should be noted, however, that the majority of these effects (Levin et al., 2011; Cousins et al., 2014; Rezvani et al., 2014; Harvey-Lewis et al., 2016; Neelakantan et al., 2017) were observed at doses of lorcaserin that have been shown to produce behavioral effects mediated by 5-HT 2A receptors (Serafine et al., 2015 (Serafine et al., , 2016 . Together, these findings raise the possibility that doses of lorcaserin larger than those currently approved for use in humans (10 mg, twice daily; BID) might be required to effectively treat substance abuse.
Basic pharmacology of 5-HT 2 receptors
To date, 14 distinct subtypes of 5-HT receptors (11 G proteincoupled receptors, and 3 ligand gated ion channels [5-HT 3A-C receptors]) have been identified, with the structural and functional properties of these receptors further subdividing them into one of seven families of 5-HT receptors (i.e., 5-HT 1 through 5-HT 7 ; for review, see Hannon and Hoyer, 2008) . The 5-HT 2 family of receptors includes the 5-HT 2A , 5-HT 2B , and 5-HT 2C receptors, each of which couple to Gaq/11 G proteins. Of note, 5-HT 2C receptor pre-mRNA contains 5 sites that are capable of undergoing adenosine to inosine editing, a process that is regulated by 5-HT and can result in the expression of up to 24 different isoforms of the 5-HT 2C receptor (Gurevich et al., 2002) . 5-HT 2A receptors are expressed in brain regions known to be important for perception (neo-cortex), motor control, motivation, and reward (pontine nuclei and basal ganglia), whereas 5-HT 2C receptors are expressed in the choroid plexus, and in brain regions important for the regulation of feeding (hypothalamus), as well as motor control, motivation, and reward (basal ganglia; Hannon and Hoyer, 2008) . Unlike 5-HT 2A and 5-HT 2C receptors, 5-HT 2B receptors are primarily expressed in the periphery (gut, heart, kidney, and lung) with only limited expression in the central nervous system (Hannon and Hoyer, 2008) . Although 5-HT 2A/2B/2C receptors all couple to Gaq/11 G proteins, differences in their patterns of expression as well as differences in the functional potency of 5-HT at 5-HT 2A , 5-HT 2B , and 5-HT 2C receptors (31 nM, 2.1 nM, and 5.8 nM, respectively; Porter et al., 1999) contribute to differences in the behavioral pharmacology and clinical indications for 5-HT 2A , 5-HT 2B , and 5-HT 2C receptor-preferring agonists and antagonists.
In humans, 5-HT 2A receptor agonists alter cognition and perception in a manner that is often referred to as a psychedelic effect, whereas 5-HT 2A receptor antagonists (e.g., clozapine) and inverse agonists (e.g., pimavanserin) have antipsychotic properties; both 5-HT 2A receptor agonists and antagonists have been evaluated as potential treatments for addiction. Although the development of drugs with psychedelic properties as pharmacotherapies has long been controversial, there is renewed interest in their potential to treat a variety of diseases including depression, anxiety, and addiction, as well as a number of inflammatory conditions (discussed elsewhere in this special issue). Because chronic activation of 5-HT 2B receptors has been linked to cardiovascular valvopathy (Rothman and Baumann, 2009; Hutcheson et al., 2011) , agonist actions at 5-HT 2B receptors are avoided in the development of potential therapeutics; however, 5-HT 2B receptor antagonists have been developed as potential treatments for migraine and heart disease. Based in large part on evidence that 5-HT 2C receptors mediate the hypophagic effects of direct-and indirectacting 5-HT receptor agonists (Kennett and Curzon, 1991; Tecott et al., 1995; Vickers et al., 2001 ), significant efforts have been devoted towards developing selective 5-HT 2C receptor agonists in the hopes of identifying drugs that decrease appetite without also producing hallucinations (5-HT 2A receptor-mediated) and/or cardiovascular toxicities (5-HT 2B receptor-mediated) that can occur with less selective and/or indirect-acting 5-HT drugs. Interestingly, and of direct relevance to this review, 5-HT 2C receptor agonists also decrease the intravenous self-administration of a variety of drugs (i.e., cocaine, methamphetamine, nicotine, opioids, and alcohol) (Grottick et al., 2000; Fletcher et al., 2004 Fletcher et al., , 2008 Levin et al., 2011; Cunningham et al., 2011; Manvich et al., 2012a; Cousins et al., 2014; Rezvani et al., 2014; Harvey-Lewis et al., 2016; Collins et al., 2016; Gerak et al., 2016; Neelakantan et al., 2017) , suggesting that they might be effective for treating a range of substance use disorders. Although inhibition of 5-HT 2C receptors is a property of many atypical antipsychotics (e.g., clozapine) and antidepressants (e.g., amitriptyline), 5-HT 2C receptor antagonists have been shown to have mild stimulant properties (Manvich et al., 2012b) , presumably because of interactions between 5-HT 2C receptors and dopamine neurotransmission. Serotonin systems play an important and well-documented role in modulating goal-directed behaviors, such as feeding and drug self-administration. Although the anti-obesity effects of 5-HT 2C receptor-selective agonists appear to be mediated by receptors on pro-opiomelanocortin neurons located in brain regions important for feeding (e.g., dorsomedial and paraventricular nucleus of the hypothalamus), the anti-addiction effects of 5-HT 2A receptor antagonists and 5-HT 2C receptor agonists are thought to be mediated by their capacity to modulate mesolimbic dopamine neurotransmission (see Howell and Cunningham, 2015 for review). Briefly, 5-HT 2A and 5-HT 2C receptors exhibit a partially overlapping pattern of expression on dopaminergic and GABAergic neurons within brain regions important for reward and reinforcement, including the ventral tegmental area, prefrontal cortex, and nucleus accumbens. Importantly, these patterns of distribution allow 5-HT 2A and 5-HT 2C receptors to play important, although functionally opposite, roles in controlling dopamine neurotransmission, with 5-HT 2A receptor agonists stimulating, and 5-HT 2C receptor agonists inhibiting, the activity of dopamine systems under basal and activated conditions (see Howell and Cunningham, 2015 for review and references therein). Specifically because of their capacity to dampen the activity of mesolimbic dopamine systems, 5-HT 2A receptor antagonists and inverse agonists, as well as 5-HT 2C receptor agonists, have been evaluated as pharmacotherapies for substance abuse.
Effects of 5-HT 2A and 5-HT 2C receptor ligands in preclinical models of substance abuse
Two of the most widely used procedures to model substance abuse in laboratory animals are intravenous self-administration, which provides a direct measure of drug reinforcement, and the reinstatement of extinguished responding that was previously maintained by drug, which is thought to model behaviors relevant to relapse. Intravenous self-administration is a procedure in which laboratory animals (e.g., mice, rats, monkeys) can respond (e.g., press a lever) to receive an infusion of drug. In addition to being the gold standard for evaluating the abuse liability of drugs (O'Connor et al., 2011) , self-administration procedures are also well suited to evaluate candidate medications to aid in the cessation of drug taking. Although the capacity to decrease ongoing self-administration (i.e., drug reinforcement) is a desirable property for candidate medications to treat substance abuse, it is perhaps equally important for these drugs to prevent relapses to drug taking once abstinence is established. To this end, numerous variations of the reinstatement model of relapse (de Wit and Stewart, 1981) have been widely used to evaluate the effectiveness of candidate medications to inhibit the capacity of drug-associated stimuli and/or non-contingent infusions of drug to increase/reinstate a previously extinguished drug-taking response.
Although 5-HT 2A receptor antagonists (e.g., ketanserin, MDL100907) and inverse agonists (e.g., pimavanserin) appear to be more effective at reducing the reinstatement of extinguished responding, than at decreasing the ongoing self-administration of drugs, such as cocaine, MDMA, and nicotine (Lacosta and Roberts, 1993; Howell and Byrd, 1995; Fletcher et al., 2002 Fletcher et al., , 2012 Nic Dhonnchadha et al., 2009; Pockros et al., 2011; Murnane et al., 2013; Cousins et al., 2014; Schenk et al., 2016; Banks and Negus, 2017 ; but see Fantegrossi et al., 2002) , 5-HT 2C receptor agonists appear to be effective in both the self-administration and reinstatement models of substance abuse. With regard to the development of 5-HT 2C receptor agonists as pharmacotherapies for substance abuse, the vast majority of preclinical evidence supporting this indication is from studies using Ro 60e0175, an agonist that is 14-fold selective for 5-HT 2C over 5-HT 2A receptors in vitro (Table 1 ). In addition to decreasing the self-administration of cocaine and nicotine, Ro 60e0175 has been shown to reduce the reinstatement of extinguished responding previously maintained by either cocaine or nicotine (Grottick et al., 2000; Fletcher et al., 2004 Fletcher et al., , 2008 Manvich et al., 2012a; Higgins et al., 2013a; Rüedi-Bettschen et al., 2015) . Consistent dose-dependent decreases in the selfadministration of cocaine, as well as the inhibition of these effects by the 5-HT 2C receptor antagonist SB 242,084 (Table 1) , provides strong support for the 5-HT 2C receptor hypothesis; however, the fact that Ro 60e0175 is more potent at 5-HT 2B than 5-HT 2C receptors (Table 1) suggests that its translational potential would likely be limited by cardiovascular toxicities (Launay et al., 2002) , thus highlighting the need for more selective 5-HT 2C receptor agonists.
Lorcaserin as a candidate medication for substance abuse
In 2008, Arena Pharmaceuticals reported lorcaserin to be a 5-HT 2C receptor agonist with modest selectivity over 5-HT 2A receptors (~19-fold), substantial selectivity over 5-HT 2B receptors (~100-fold; Table 1 ) based on in vitro functional assays, and good pharmacodynamic and pharmacokinetic properties that resulted in the reduction of food intake and body weight gain in rats (Thomsen et al., 2008) . Importantly, lorcaserin also proved effective at decreasing body weight in a multicenter, placebo-controlled clinical trial (Smith et al., 2010) and, after receiving approval from the US FDA in 2012, was marketed as Belviq ® for treating obesity in adults. In addition to providing a novel treatment for obesity, the approval of lorcaserin for use in humans facilitated the opportunity to evaluate very rapidly the effectiveness of a 5-HT 2C receptor agonist to decrease substance abuse. Indeed, in the 5 years since its approval, lorcaserin has been shown to consistently decrease the abuse-related effects of a variety of drugs (cocaine, methamphetamine, nicotine, alcohol, and opioids), and these positive preclinical results have resulted in a number of clinical trials that are evaluating lorcaserin for the treatment of substance use disorders (clinicaltrials.gov). Early studies focused on the capacity of lorcaserin to alter nicotine self-administration in rats, with lorcaserin producing consistent and dose-dependent decreases in responding for 0.03 mg/kg/infusion nicotine. Levin and colleagues reported minimally effective doses of lorcaserin ranging from 0.3 to 1.25 mg/kg (Levin et al., 2011; Cousins et al., 2014; Briggs et al., 2016) , whereas Higgins et al. (2012) reported a minimally effective dose of 1 mg/kg. Importantly, Higgins et al. (2012) also reported that a smaller dose of lorcaserin (0.3 mg/ kg) inhibited the reinstatement of extinguished responding for nicotine, and that the effects of lorcaserin in both of these assays (self-administration and reinstatement) were antagonized by 0.5 mg/kg of the 5-HT 2C receptor-selective antagonist SB 242,084. Although these findings provided strong evidence that agonist actions at 5-HT 2C receptors can decrease nicotine self-administration, the capacity of lorcaserin to inhibit responding maintained by intracranial self-stimulation (ICSS), an effect that was blocked by the 5-HT 2C receptor antagonist SB 242,084 (Zeeb et al., 2015) , suggests a more general role for 5-HT 2C receptors in modulating brain systems important for reward. Consistent with this notion, lorcaserin is roughly equipotent at decreasing responding for either nicotine or food in rats, with reports showing that lorcaserin is~1.6-fold more potent at decreasing responding for food relative to nicotine , or~2-fold more potent at decreasing responding for nicotine relative to food (Briggs et al., 2016) .
Although the majority of studies with lorcaserin that used rodents have investigated interactions between lorcaserin and nicotine, recent studies have extended those findings to the consumption of ethanol (Rezvani et al., 2014) as well as the selfadministration of cocaine (Harvey-Lewis et al., 2016) or oxycodone (Neelakantan et al., 2017) . As was observed with nicotine, lorcaserin dose dependently decreased the consumption of ethanol, the self-administration of cocaine or oxycodone, and the reinstatement of extinguished responding for cocaine or oxycodone in rats, with minimally effective doses ranging from 0.6 to 1 mg/kg. Importantly, these effects of lorcaserin were also antagonized by 0.5 mg/kg SB 242,084 (Harvey- Lewis et al., 2016; Neelakantan et al., 2017) , consistent with the notion that the abuse-related effects of cocaine and oxycodone can be modulated by activation of 5-HT 2C receptors.
Recent studies in rhesus monkeys extend these findings and provide additional support for using lorcaserin to treat stimulant abuse Gerak et al., 2016) . As shown in Fig. 1A , acute, intra-gastric (IG) administration of lorcaserin dose dependently decreased the self-administration of 0.032 mg/kg/infusion cocaine, with doses of 1 and 3.2 mg/kg lorcaserin decreasing response rates by~50% and~80%, respectively . Although lorcaserin also decreased responding maintained by food, these effects occurred at doses~5-fold larger than those required to decrease responding for cocaine (Fig. 1A) . Further evidence that lorcaserin is capable of decreasing the reinforcing effectiveness of cocaine was provided by studies in which the acute administration of lorcaserin (3.2 mg/kg) produced a~7-fold rightward shift in the cocaine dose-response curve in monkeys responding under a progressive ratio schedule of reinforcement ( Fig. 1B ; also see Gerak et al., 2016) . Together with the finding that lorcaserin dose dependently inhibited the reinstatement of extinguished responding for cocaine in monkeys ( Fig. 1C ; Gerak et al., 2016) , these findings suggest that lorcaserin might facilitate quit attempts by not only reducing the reinforcing effects of cocaine, but also by preventing relapse to cocaine use.
While these findings are consistent with reports from rodents and suggest that the acute administration of lorcaserin yields positive effects in two important preclinical models of substance abuse, it is important to remember that addiction is a chronic disease, typically requiring patients to remain on treatments long-term in order to maintain abstinence. Accordingly, we and others have also evaluated the capacity of lorcaserin to alter the self-administration of drugs such as cocaine, nicotine, and methamphetamine following repeated, daily, or continuous administration (Levin et al., 2011; Collins et al., 2016; Gerak et al., 2016; Banks and Negus, 2017) . As shown in Fig. 1D , when administered at a daily dose of 3.2 mg/kg (IG), lorcaserin decreased responding in monkeys self-administering 0.032 mg/kg/infusion cocaine under a fixed ratio (FR) 30 schedule of reinforcement to~50% of baseline across the entire 14-day treatment period. Importantly, not only were similarly persistent results obtained when monkeys self-administered cocaine under a progressive ratio schedule of reinforcement (Fig. 1E) or methamphetamine under an FR30 schedule of reinforcement (Fig. 1F) , but in each case responding returned to baseline levels within the first two sessions after terminating daily treatment with lorcaserin (Fig. 1DeF) . Together, these findings provide strong evidence that lorcaserin decreases the reinforcing effects of cocaine and methamphetamine, and that tolerance does not develop to these effects of lorcaserin during the course of repeated administration (at least 14 days).
Of the 12 preclinical studies that have evaluated lorcaserin in drug self-administration or reinstatement assays, 11 have reported favorable results across multiple species (rats and rhesus monkeys) and drug classes (nicotine, ethanol, cocaine, and opioids), with a single study reporting that lorcaserin was ineffective at shifting the allocation of behavior away from cocaine in a cocaine versus food choice procedure (Banks and Negus, 2017) . Although such a uniformly positive preclinical profile certainly warrants clinical evaluations, a variety of factors, including differences in outcome measures (i.e., decrease drug-taking in preclinical studies versus complete abstinence in clinical studies), make it difficult to predict whether lorcaserin will prove to be as effective at prolonging abstinence in humans as it is at reducing drug self-administration in rats and monkeys. For example, even though preclinical studies have consistently demonstrated that lorcaserin decreases drug intake, the effects have been relatively modest in rats (~30e50% reductions; Levin et al., 2011; Harvey-Lewis et al., 2016; Neelakantan et al., 2017) , with the largest doses tested in monkeys (3.2 mg/kg; IG) only reducing cocaine self-administration by 75% (acute) or 50% (repeated) . This profile of activity suggests that still larger doses might be required to achieve clinically relevant outcomes (i.e., sustained abstinence), thereby increasing the likelihood that lorcaserin treatment would be associated with other adverse effects.
Evidence for 5-HT 2C and 5-HT 2A receptor-mediated effects of lorcaserin
Studies with the 5-HT 2C receptor-selective antagonist SB 242,084 (Table 1) in rodents suggest that the capacity of lorcaserin to decrease the intravenous self-administration of nicotine, cocaine, and oxycodone is mediated by its actions at 5-HT 2C receptors Harvey-Lewis et al., 2016; Neelakantan et al., 2017) ; however, several lines of evidence suggest that lorcaserin also has actions at 5-HT 2A receptors. First, in vitro functional studies suggest that lorcaserin is only modestly (~19-fold) selective for 5-HT 2C over 5-HT 2A receptors in vitro (Thomsen et al., 2008 ; also see Table 1 ), raising the possibility that the doses required to decrease intravenous drug self-administration are large enough to bind to and possibly exert effects at 5-HT 2A receptors. Indeed, when evaluated in a sample of recreational polydrug users, doses only slightly larger (20e60 mg) than the maximally approved dose of 10 mg (administered twice daily [BID]) produced feelings of "high" and "bad effects", as well as perceptual changes that were described by a subset of subjects as "hallucination" and/or feeling "detached" and "spaced out" (Shram et al., 2011) . Dose-dependent increases in other adverse effects (e.g., nausea, headache, dizziness, euphoric mood, etc.) were also noted, with most subjects (70e100%) reporting at least one adverse effect after receiving larger doses of lorcaserin (Shram et al., 2011) . Although there are no reports of antagonism studies that might confirm the receptor(s) mediating these adverse effects, these effects are likely due to these doses of lorcaserin having agonist actions at 5-HT 2A receptors.
Although it is difficult to make direct comparisons of dose across species, evidence suggests that doses of lorcaserin required to decrease drug self-administration in rats and monkeys produce peak plasma levels that exceed the steady state blood levels of~6 0 ng/ml observed in humans given the largest approved dose of lorcaserin (10 mg BID) (Arena Pharmaceuticals, 2010, FDA Briefing Document NDA 22529). For instance, in monkeys, acute administration of 3.2 mg/kg (IG) lorcaserin has been reported to produce peak plasma levels of~80 ng/ml , whereas in rats the acute sub-cutaneous (SC) administration of 1 mg/kg lorcaserin produced peak blood levels~230 ng/ml . Not only are these plasma levels greater than those achieved by 10 mg lorcaserin (BID) in humans, but evidence from humans (Smith et al., 2009) suggests that twice daily dosing can result in plasma levels of lorcaserin~30% greater than those achieved during acute dosing conditions (i.e.,~100 ng/ml in monkeys administered 3.2 mg/kg [IG; BID], and~300 ng/ml in rats administered 1 mg/kg [SC; BID]). Thus, it is reasonable to assume that translating these positive preclinical effects to humans could require doses~2e5-fold greater than what is currently approved for use in humans, well within the range of doses reported to produce adverse effects in humans (Shram et al., 2011) .
One way to begin to assess the potential for "off-target" (i.e., non-5-HT 2C receptor-mediated) effects is to compare the relative potency of lorcaserin to decrease drug-taking behavior and to induce behavioral effects mediated by various 5-HT receptor Fig. 1 . Summary of the effects of acute (AeC) and repeated (DeF) intra-gastric (IG) administration of lorcaserin on responding maintained by various stimuli in rhesus monkeys. A) Acute administration of lorcaserin dose dependently decreases the rates of responding maintained by 0.032 mg/kg/infusion cocaine (FR30:TO 180-sec) and food pellets (FR10); B) acute administration of lorcaserin (3.2 mg/kg) produces a rightward shift of the dose-response curve for cocaine self-administration under a progressive ratio (PR) schedule of reinforcement; C) acute administration of lorcaserin dose dependently decreases the reinstatement of extinguished responding (above EXT) can be reinstated by cocaine-associated stimuli alone (above CS) and in conjunction with non-contingent cocaine; acute administration of lorcaserin dose dependently decreases the reinstatement of responding for cocaine; D) repeated, daily administration of lorcaserin (3.2 mg/kg) produces a sustained decrease the rate of responding for 0.032 mg/kg/infusion cocaine (FR30:TO 180-sec) (open circles), with baseline levels of responding recovered when lorcaserin treatment is replaced with saline (filled circles); E) repeated, daily administration of lorcaserin (3.2 mg/kg) produces a sustained decrease the number of cocaine infusions (0.032 mg/kg) earned under a PR schedule of reinforcement (open circles), with baseline levels of responding recovered when lorcaserin treatment is replaced with saline (filled circles); F) repeated, daily administration of lorcaserin (3.2 mg/kg) produces a sustained decrease in the peak rates of responding for methamphetamine (FR30:TO 60-sec) (open circles), with baseline levels of responding recovered when lorcaserin treatment is replaced with saline (filled circles). Data in panels A and D were replotted with permission from Collins et al. (2016) . Data in panels B, C, E, and F were replotted with permission from Gerak et al. (2016). subtypes. For example, Serafine et al. (2015) characterized the behavioral profile of lorcaserin in rats and reported it to induce yawning, a 5-HT 2C receptor-mediated behavior (e.g., Collins and Eguibar, 2010) , over a range of small doses (0.0178e0.1 mg/kg), with no other behaviors noted until forepaw treading, a 5-HT 1A receptor-mediated behavior (e.g., Berendsen et al., 1989; Kleven et al., 1997) , was observed at doses of 3.2 mg/kg and larger ( Fig. 2AeC; open circles) . Importantly, not only were these effects inhibited by 5-HT 2C receptor (yawning) and 5-HT 1A receptor (forepaw treading) selective antagonists ( Fig. 2A and C; closed symbols), but they are consistent with in vitro binding studies (Thomsen et al., 2008 ) that suggest lorcaserin is highly selective for 5-HT 2C over 5-HT 1A receptors. Despite the fact that prototypical 5-HT 2A receptor-mediated effects, such as head twitch (Vickers et al., 2001) , were not observed when lorcaserin was administered alone, previous studies have suggested that agonist actions at 5-HT 2C receptors can inhibit the head twitch response in mice (Fantegrossi et al., 2010) . Importantly, even though 5-HT 2C receptor agonists can attenuate 5-HT 2A receptor-mediated head twitch, it is not necessarily the case that 5-HT 2C receptor agonists inhibit all 5-HT 2A receptor-mediated effects (e.g., hallucination); however, this interaction suggests that 5-HT 2A receptor-mediated effects of lorcaserin could be unmasked by combining lorcaserin with a 5-HT 2C receptor antagonist. Indeed, when the 5-HT 2C receptor antagonist SB 242,084 was administered prior to lorcaserin ( Fig. 2B ; filled circles), the head twitch response emerged at doses of lorcaserin as small as 1 mg/kg; head twitch was not evident when the same doses of lorcaserin were administered alone. Not only is this behavioral profile consistent with lorcaserin having actions at 5-HT 2A receptors, but it also suggests that it is only modestly (~18-fold) selective for 5-HT 2C over 5-HT 2A receptors in vivo, raising the possibility that the adverse effects of lorcaserin (e.g., "bad drug effect", "hallucination", etc.) are mediated by its actions at 5-HT 2A receptors. Indeed, Serafine et al. (2016) provided further support for this notion by demonstrating that the 5-HT 2A receptor agonist DOM increased lorcaserin-appropriate responding in rats trained to discriminate a relatively small dose (0.56 mg/kg) of lorcaserin from saline. Thus, even though antagonist studies provide strong evidence that the capacity of lorcaserin to decrease drug selfadministration is mediated by its actions at 5-HT 2C receptors Harvey-Lewis et al., 2016; Neelakantan et al., 2017) , it is important to note that doses of lorcaserin that are minimally effective in decreasing drug self-administration in rats (~0.3e1.25 mg/kg) are~20e30-fold larger than those that produce other 5-HT 2C receptor-mediated effects (e.g., yawning), and comparable to those that have been shown to produce 5-HT 2A receptormediated effects (e.g., head twitch). These data from rats suggest that lorcaserin might have a relatively narrow therapeutic window to treat substance abuse; however, it should be noted that the functional selectivity of lorcaserin for 5-HT 2C over 5-HT 2A receptors is lower for receptors derived from rats (~3.5-fold) relative to humans (~19-fold; Thomsen et al., 2008) , raising the possibility that lorcaserin might have a wider safety margin in humans.
Observational studies in non-human primates support this notion, with lorcaserin-induced yawning (Fig. 3C) , a 5-HT 2C receptor-mediated behavior (e.g., Collins and Eguibar, 2010; Serafine et al., 2015) , occurring over the same range of doses that decreased responding for cocaine (Fig. 3A) , whereas doses~3e5-fold larger were required to disrupt responding for food (Fig. 3A) , decrease locomotor activity (Fig. 3B) , and induce abnormal tongue movements ( Fig. 3D ; Collins et al., 2016) . Although this profile of activity is consistent with a role for 5-HT 2C receptors in decreasing cocaine self-administration, further studies will be required to rule out the possibility that these doses of lorcaserin are acting at other receptors, particularly 5-HT 2A receptors.
The putative 5-HT 2A receptor agonist effects of lorcaserin have generally been thought to be dose limiting (i.e., something to be avoided); however, it is possible that agonist actions at 5-HT 2A receptors contribute to the effectiveness of lorcaserin to decrease drug self-administration in preclinical studies. For example, recent studies showing that 5-HT 2A receptor agonists, such as psilocybin, can prolong abstinence from smoking or alcohol consumption (Garcia-Romeu et al., 2014; Bogenschutz et al., 2015; Johnson et al., 2017a Johnson et al., , 2017b have renewed interest in the development of 5-HT 2A receptor agonists as candidate medications for substance abuse. However, because the effectiveness of psilocybin to decrease drug use appears to be linked to its capacity to produce a "mystical" experience (e.g., feelings of unity, sacredness, positive mood, transcendence of space/time, and ineffability), it seems unlikely that the putative 5-HT 2A receptor-mediated effects of lorcaserin (e.g., increases in "bad effects", and reductions in "overall drug liking" and willingness to "take drug again"; Shram et al., 2011) would result in a psilocybin-like effect on drug taking. 
Clinical trials of lorcaserin for substance abuse
Taken together with a growing number of preclinical studies establishing a role for 5-HT 2C receptor agonists in modulating rewardrelated behaviors (Grottick et al., 2000; Fletcher et al., 2004 Fletcher et al., , 2008 Fletcher et al., , 2010 Cunningham et al., 2011; Manvich et al., 2012a Manvich et al., , 2012b Higgins et al., 2013a) , mounting evidence suggests that lorcaserin, an FDAapproved 5-HT 2C receptor-preferring agonist, could prove useful for treating the abuse of a diverse set of substances including nicotine, ethanol, cocaine, methamphetamine, and opioids. Accordingly, there are currently 13 clinical trials (3 completed and 10 currently recruiting subjects) to evaluate lorcaserin alone, or as an adjuvant to other approved therapies (i.e., nicotine patch, varenicline, naltrexone), for a variety of indications related to the abuse of nicotine (NCT02906644, NCT02044874, NCT02412631), cocaine (NCT03007394, NCT03192995, NCT02680288, NCT02393599, NCT03143543, NCT02537873), opioids (NCT03169816, NCT03143543, NCT03143855), or cannabis (NCT02932215). Although a 3-month randomized trial showed that 10 mg lorcaserin BID can improve rates of abstinence and reduce weight gain associated with smoking cessation (Shanahan et al., 2017) , the results of the other clinical trials will be important for determining the clinical utility of lorcaserin for treating substance use disorders more generally.
Regardless of whether lorcaserin proves to be effective at prolonging abstinence from drug use, it is important to remember that it has limited selectivity for 5-HT 2C over 5-HT 2A receptors, and that doses only slightly larger than those currently approved for use in humans (10 mg, BID) have been shown to produce adverse, "offtarget" effects that are likely mediated by 5-HT 2A receptors (Shram et al., 2011) . Taken together with data from preclinical studies in rodents and non-human primates in which relatively large doses of lorcaserin were required to decrease on-going drug selfadministration (or the reinstatement of extinguished responding), it is possible, if not likely, that doses larger than 10 mg (BID) lorcaserin will be required to produce clinically relevant outcomes (i.e., sustained abstinence) thereby increasing the likelihood for 5-HT 2A receptor-mediated effects (e.g., hallucination) that could limit the therapeutic potential of lorcaserin to treat substance abuse.
Conclusions and future directions
Together with preclinical and clinical evidence that 5-HT 2C receptor agonists, such as lorcaserin, are effective at reducing food intake in obese individuals, the positive results from preclinical studies with lorcaserin and other 5-HT 2C receptor agonists provide strong support for a more general role of 5-HT 2C receptors in regulating food-and drug-motivated behaviors. Although it is too early to tell whether the preclinical effects of lorcaserin to decrease the reinforcing and relapse-related effects of a variety of drugs of abuse will translate to clinical success, the efforts already underway to evaluate the clinical effectiveness of lorcaserin will not only provide valuable information but also serve as a good first test of the 5-HT 2C receptor hypothesis in humans. Future efforts should be directed towards developing novel agonists with greater selectivity for 5-HT 2C over 5-HT 2A receptors, such as CP-809101 (~1500-fold selective for 5-HT 2C over 5-HT 2A receptors; Siuciak et al., 2007) , which appear to have a similar profile of activity in preclinical models of substance abuse with a lower incidence of "side effects" (Higgins et al., 2013b) . Although additional studies are needed, lorcaserin represents a promising and important first step towards the development of a new class of pharmacotherapies that have the potential to dramatically improve the treatment of especially challenging clinical conditions, such as substance abuse, for which there are few (if any) effective therapies. , with a minimally effective dose of 3.2 mg/kg lorcaserin; B) lorcaserin dose dependently decreases spontaneous locomotor activity with a minimally effective dose of 10 mg/kg lorcaserin; C) lorcaserin dose dependently increases yawning with a minimally effective dose of 3.2 mg/kg lorcaserin; D) lorcaserin increases tongue movements over a range of doses; however, none of these effects were significantly different than saline. For panel A, response rate data are expressed as a percent of the rate of responding observed following IG administration of saline (i.e., baseline). For panels B, C, and D the data are expressed as the area under the curve (AUC) for the effects of each dose of lorcaserin over a 4-hr observation period. Data obtained after saline administration are represented by the gray-shaded areas. *p < .05; denotes effects that were significantly different from saline, as determined by post hoc HolmeSidak tests. Data are replotted with permission from Collins et al. (2016) .
